Im E, Choi YJ, Kim CH, Fiocchi C, Pothoulakis C, Rhee SH. The angiogenic effect of probiotic Bacillus polyfermenticus on human intestinal microvascular endothelial cells is mediated by IL-8.
istration of B.P. to humans stimulates IgG production and modulates the number of CD4 ϩ , CD8 ϩ , or natural killer cells (35) . Anticancer effect of this bacterium was also reported in studies using a dimethylhydrazine-induced colon cancer model in rats (41, 47) . However, the effect of B.P. on intestinal angiogenesis has not been investigated yet.
The angiogenic program consists of a deliberately orchestrated series of cellular events by which new vessels arise from preexisting ones. Dysregulated angiogenesis underlies major human diseases such as cancer, diabetic retinopathy, and IBD including Crohn's disease (CD) (14) and ulcerative colitis (UC) (10, 12, 17, 27) . Moreover, angiogenesis is necessary for wound healing to occur, which requires delineated cellular responses to regenerate damaged tissues (45) . Interleukin-8 (IL-8/CXCL-8), a CXC chemokine, is known as an angiogenic and permeability factor in nonimmune cells including endothelial cells (29, 54, 60) . IL-8 exerts its biological activity via binding to two receptors, CXCR1 and CXCR2 (1) . IL-8 is also implicated in tumor angiogenesis of gastrointestinal carcinomas (19, 37) . In human intestinal microvascular endothelial cells (HIMECs), IL-8 increases tube formation and migration through its CXCR2 receptor (28) .
In the present study, we investigated the effects of B.P. on intestinal angiogenesis during experimental colitis in vivo and in HIMECs in vitro. Our results show that B.P. enhances several angiogenic responses, including tube formation, cell migration, and permeability, and these responses are mediated through NF-B and IL-8 signaling pathways. Moreover, B.P. accelerates the recovery of mice from colitis and increases angiogenesis in the mucosal layer. Together, these results suggest that B.P. exerts its probiotic effect on intestinal wound healing through increasing angiogenesis. enzymatic digestion and subsequently cultured in MCDB131 medium (Sigma) supplemented with 20% fetal bovine serum (BioWhittaker, Walkersville, MD), antibiotics (BioWhittaker), heparin (Sigma), and endothelial cell growth factor (Roche Applied Science, Indianapolis, IN). Cultures of HIMECs were maintained at 37°C in 5% CO2. HIMECs were used between passages 7 and 12.
Human colonic epithelial cells (NCM460) were cultivated in M3D medium (Incell, San Antonio, TX) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum, 1% L-glutamine, and 10 units/ml penicillin, and 100 g/ml streptomycin at 37°C in air supplemented with 5% CO2 as previously described (53) S. CM), we followed the previously described protocol by Grabig et al. (22) . Briefly, B.P. (2 ϫ 10 9 CFU) and B.S. (2.3 ϫ 10 9 CFU) were incubated for 16 h at 37°C (B.P.) or 30°C (B.S.) in 100 ml LuriaBertani broth. Cultures were then collected by centrifugation (1,000 g for 15 min), and pellets were washed twice in phosphate-buffered saline and then resuspended in M3D medium containing 10% fetal calf serum without antibiotics. After 2 h incubation at 37°C in 5% CO2, culture medium was collected and filtered through a 0.22 m-pore-size filter. B.P CM or B.S. CM was then mixed with complete M3D medium (1:2 ratio) before treatments.
Tube formation assay. HIMECs (4 ϫ 10 4 cells/well) were plated on 400 l of Matrigel (BD Biosciences, San Jose, CA)-coated 24-well plate and supplemented with either complete MCDB131 medium alone or a combination of B.P. CM or B.S. CM and complete MCDB131 medium. After 6 h, images were visualized with Axio Observer D1 inverted microscope (Carl Zeiss), captured with an AxioCam digital camera, and processed with Adobe photoshop as previously described (31) . Total tube length was measured with Image J.
Quantitative cell migration assay using Boyden chambers. Cell migration was quantified by use of a quantitative cell migration assay kit (Millipore, Billerica, MA) following the manufacturer's instructions. Briefly, the Boyden chamber assay kit consists of a hollow plastic chamber sealed at one end with a porous membrane. Cells were seeded in this hollow chamber with complete M3D medium. The hollow chamber resided in another chamber filled with B.P. CM. Cells were allowed to migrate overnight through the pores to the other side of the membrane. The inner tube was then removed and carefully washed, and any nonmigratory cells inside of the membrane were carefully scraped away. Cells migrated on the opposite side of the membrane were stained, extracted, and quantified on a spectrophotometer (Spectra Max M5, Molecular Devices, Sunnyvale, CA).
Permeability assay. The permeability assay was conducted as previously described (48) . Briefly, HIMECs (1 ϫ 10 5 cells/well) in 100 l of culture medium were plated on Matrigel-coated Transwell inserts of 3-m pore size. After 30 min, 100 l of culture medium alone was added to the insert and 1 ml of culture medium was added to the lower chamber. After 24 h, the medium from the insert was removed and an additional 1 ϫ 10 5 cells/well in 100 l of culture medium was plated. Twenty-four hours after the second plating, B.P. CM or VEGF (100 ng/ml) was added to the lower chamber along with 10 g of 3-kDa FITC-dextran. For all assays, 10-l aliquots were removed at the indicated time points from the upper chamber, and fluorescence intensity was quantified by use of a fluorimeter (Fluoroskan ascent, Thermo Fisher Scientific, Fair Lawn, NJ) with excitation at 485 nm and emission at 535 nm.
Quantitative real-time PCR. Total RNA from mouse colon tissues was isolated via RNeasy Plus Mini Kit (Qiagen) and equal amount of RNA (2 g) was transcribed into cDNA, by use of High Capacity Reverse Transcription Kit (Applied Biosystems). Subsequently, quantitative real-time PCR was performed on Applied Biosystems 7500 Fast Real-Time PCR System with TaqMan Universal Master Mix, using the standard conditions from Applied Biosystems. Annealing/ extension temperature was 60°C (1 min). The primer pairs and FAM dye-labeled TaqMan MGB (minor groove binding) probes or GAPDH gene for the internal control were purchased from Applied Biosystems. The level of expression was calculated on the basis of the PCR cycle number at which the exponential growth in fluorescence from the probe passes a certain threshold value (C T). Relative gene expression was determined by the difference in the CT values of the target genes after normalization to RNA input level, using C T value of GAPDH. Relative quantification was represented by standard 2 Ϫ⌬CT calculations. ⌬CT ϭ (CT-target gene Ϫ CT-GAPDH) (44) (21) .
Rhodamine-phalloidin staining. F-actin polymerization was assessed in HIMECs cultured on fibronectin-coated glass chamber slides (LabTek, Thermo Fisher Scientific). Cells were stimulated with anti-CXCR2 antibody (5 g/ml) or its isotype control IgG 15 min prior to B.P. CM stimulation (15 min). The cells then washed with PBS, fixed with 10% formalin for 15 min, permeabilized with Triton X-100 (0.1%) for 5 min, and stained with rhodamine-phalloidin (Molecular Probes, Eugene, OR) for 15 min. After the washing, slides were mounted with 50% glycerol and examined with an Axio Imager Z1 microscope (Carl Zeiss) and captured with an AxioCam MRm digital camera and processed with Adobe Photoshop.
Immunoblotting analysis. Equal amounts of protein from cell lysates were subjected to SDS-PAGE analysis, and immunoblotting using the appropriate antibodies was performed as we previously described (51, 52) .
DSS-induced colitis and histological analysis. CD-1 mice (8-wkold males) were from Charles River Laboratory. The Institutional Animal Care and Use Committee of University of California-Los Angeles approved all animal procedures. To induce colitis, mice were fed with dextran sulfate sodium (DSS, 4%) (MP Biomedicals, Irvine, CA) dissolved in regular tap water for 7 days followed by 1% DSS for 4 additional days, as previously described (51, 62) . For oral administration, B.P. or B.S. was dissolved in sterilized water (10 8 CFU/ml) and orally administered everyday in 100 l total volume by gastric gavage when mice were fed with 1% DSS. Control mice were treated with the same volume of sterilized water. For the SB225002 inhibitor experiment, mice were injected daily with 50 l SB225002 [0.3 mg/kg ip in saline (Sigma) supplemented with 0.3% Ethanol (Sigma)] when B.P. or B.S. was administered. Mice were weighed for body weight changes and monitored for rectal bleeding everyday. For histological evaluation, the entire mouse colon was excised, fixed, paraffin embedded, and stained with hematoxylin and eosin. The histological severity of colitis was graded on a scale of 0 -4, as described by our laboratory (51) .
Immunohistochemistry. For CD31 staining, segments of the transverse colon were embedded in optimal cutting temperature compound and frozen immediately. Five-micrometer sections were cut and then processed for peroxidase immunohistochemistry using CD31 antibody (1:100 dilution) as previously described (50) . Hematoxylin solution (Vector Laboratories) was used for counterstaining. Total vessel length was measured via Image J.
Statistical analysis. Results are represented as means Ϯ SD. Paired and two-tailed Student's t-tests or one-way ANOVA followed by the multiple-comparison Newman-Keuls post hoc test were used to assess differences between groups. A P value of Ͻ0.05 was considered statistically significant. 
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RESULTS
Probiotic B.P. increases angiogenesis of HIMECs.
Angiogenesis is required for wound healing to support epithelial cell proliferation by supplying oxygen and nutrients on site. In the intestine, mucosal wound healing is a key process to maintain homeostasis. We assume that intestinal wound healing also requires angiogenesis. To this end, we investigated whether B.P. induces angiogenesis in vitro by measuring tube formation, migration, permeability, and proliferation of HIMECs. The B.P. CM enhanced tube formation of HIMECs when cultured on Matrigel for 6 h (Fig. 1, A and B) . However, the B.S. CM (has similar characteristics as B.P.) did not increase tube formation, suggesting that this effect is specific to B.P. (Fig. 1, A and B) . Additionally, the effect of B.P. CM on tube formation was similar to that of 5 ng/ml proangiogenic factor IL-8 ( Fig. 1, A and B) . Transmigration of endothelial cells through a Boyden chamber was also increased in B.P. CMtreated cells and again, the level of increased migration was similar to that induced by IL-8 (Fig. 1C) . Although endothelial cell proliferation is observed in an angiogenic process, it is not always required. We found that B.P. CM increased endothelial cell proliferation by only 9% after 24 h of stimulation (Supplemental Fig. S1A ). Since tubes formed within 6 h, it does not seem that proliferation of endothelial cells contributed to tube formation in this setting.
Increased permeability indicates loosened cell-cell contact and migration of endothelial cells, and therefore it is a prerequisite for angiogenesis. To test the ability of B.P. to alter permeability, confluent monolayers of HIMECs were generated on a Matrigel-coated Transwell chamber and treated with B.P. CM, 100 ng/ml VEGF, or 5 ng/ml IL-8. VEGF and IL-8 were used as positive controls. We found that B.P. CM stimulated endothelial permeability, and this permeability was similar to that induced by VEGF or IL-8, albeit to a lesser degree (Fig. 1D) . These results indicate that B.P. CM increases angiogenesis of HIMECs by increasing endothelial cell migration and permeability.
B.P. CM-induced angiogenesis is mediated by IL-8/CXCR2
. The chemokine IL-8 increases endothelial permeability during angiogenesis (5) . IL-8 also induced angiogenesis in HIMECs through CXCR2 (28). Thus we investigated whether IL-8 is a mediator of B.P. CM-induced angiogenesis. B.P. CM, not B.S. CM, dramatically increased IL-8 production in HIMECs ( Fig. 2A) . In accordance with the previous report, HIMECs express CXCR2 and the stimulation with B.P. CM did not alter the receptor expression (Fig. 2B) . Moreover, B.P. CM-induced tube formation was significantly inhibited in the presence of anti-IL-8 neutralizing antibody (0.5 g/ml) or anti-CXCR2 neutralizing antibody (5 g/ml) (Fig. 2, C and D) .
Furthermore, endothelial cell migration requires actin reorganization, and the previous study indicated that IL-8 induces stress fibers in HIMECs (20, 28) . Indeed, stress fiber formation was enhanced when stimulated with B.P. CM and attenuated when the cells were preincubated with anti-CXCR2 antibody (5 g/ml) (Fig. 2E) . These results suggest that B.P. CM induces IL-8 production in HIMECs and as a result autocrine activation of CXCR2 increases angiogenic features including tube formation and F-actin polymerization.
In addition, a recent study suggests that IL-8-induced endothelial cell permeability increased transactivation of VEGFR2 in a VEGF-dependent manner (48) . Moreover, inhibition of VEGFR abolishes RhoA activation and gap formation by IL-8 suggesting that VEGFR2 activation is required for IL-8-induced permeability (48) . Since the above data indicated that B.P. CM increased permeability of HIMECs and induced IL-8, we tested whether B.P. CM can activate VEGFR2. However, B.P. CM did not affect phosphorylation of VEGFR2 (Supplemental Fig. S1B ). Although B.P. CM produces IL-8, the effect of IL-8 on VEGFR2 activation on other endothelial cells may not be applicable to HIMECs. Moreover, since B.P. CM did not increase VEGF production in HIMECs (data not shown), it is unlikely that B.P. CM will transactivate VEGFR2.
IL-8 production by B.P. CM is NF-B dependent. Production of many cytokines including IL-8 is regulated by an inducible cytoplasmic transcription factor NF-B (59). In immune cells, NF-B is involved in inflammatory responses (34) . However, in nonimmune cells including epithelial and endothelial cells, NF-B is also involved in cell survival, proliferation, and wound healing (34, 43). Thus we tested whether B.P. CM activates NF-B pathway to increase IL-8 production in
HIMECs. We found that B.P. CM induced phosphorylation of two NF-B subunits, p105 and p65 (Fig. 3A) . Moreover, pharmacological inhibitors of NF-B, SN50 (20 M), and celastrol (2.2 M) suppressed B.P. CM-induced tube formation, whereas a negative control for SN50 (SN50M, 20 M) did not affect tube length (Fig. 3B) . Furthermore, increased IL-8 production by B.P. CM was inhibited in the presence of NF-B inhibitor celastrol (Fig. 3C) . These results indicate that IL-8 production by B.P. CM is, at least in part, through NF-B.
B.P. facilitates mucosal wound healing. We next determined the angiogenic effect of B.P. in vivo using a mouse model of colitis. We hypothesized that increased angiogenesis by B.P. may accelerate mucosal wound healing and recovery from colitis. To test this, mice were first given 4% DSS (colitisinducing agent) for a week, which was then followed by 1% DSS for 4 additional days with or without gastric gavage of B.P. or B.S. Continuous treatment of 4% DSS aggravated inflammation as indicated by declining body weight (Supplemental Fig. S2A ). During the low dose (1%) of DSS treatment, however, we expected mice would recover gradually and the inflamed tissues would start healing in intestinal mucosa, and therefore this procedure would allow us to investigate a role of B.P. on wound healing. For histological evaluations, hematoxylin and eosin-stained colonic tissues from DSS alone or DSS with B.P. treated or DSS with B.S.-treated mice were examined. Among 16 mice per group, tissues can be divided into three subgroups based on histological severity of colitis: recovered, mild, and severe, as shown in Fig. 4A . These figures indicated presence of mucosal healing from inflammation, and notably B.P.-treated mice showed accelerated mucosal healing compared with B.S.-treated or nontreated mice in DSS-induced colitic tissues (Fig. 4A ). Mice treated with B.S. or B.P. alone in the non-DSS control group showed intact mucosal layers (Supplemental Fig. S2B ). Increased body weight of B.P.-treated mice compared with B.S.-treated mice also indicated that B.P. facilitated recovery of mice from colitis (Fig. 4B) . Rectal bleeding was significantly reduced in B.P.-treated mice compared with B.S.-treated mice when monitored at day 11 (Fig. 4C) . Histological scores of inflammation (leukocyte infiltration, edema, and ulceration) showed better recovery in B.P.-treated mice than B.S.-treated mice (Fig. 4D) .
B.P. increases angiogenesis during wound healing. Since B.P. facilitated wound healing, we next tested whether increased angiogenesis plays a role in wound healing. To test this, we chose frozen tissue sections from B.S.-or B.P.-treated groups and performed immunohistochemistry with a CD31 antibody to detect blood vessels. We found that increased angiogenesis was evident in tissues from B.P.-administered mice compared with B.S.-administered mice (Fig. 5A) . Total vessel length was also increased in B.P. group compared with B.S. group (Fig. 5B) . Moreover, since our in vitro results indicate that IL-8 was involved in B.P.-induced angiogenesis, we next tested whether IL-8 was increased by B.P.-induced wound healing and angiogenesis in vivo. Production of KC (mouse IL-8) was increased in B.P.-treated mice tissues than B.S.-treated mice, and this suggested B.P.-dependent angiogenesis in vivo was also, at least in part, dependent on KC (Fig. 5C) .
Given the observation that increased angiogenesis by B.P. in wound healing is related to induced IL-8 production, we further tested whether the pharmacological inhibitor of CXCR2 could block B.P.-increased angiogenic response and wound healing in colitis. To test this, mice were first given 4% DSS for a week, followed by 1% DSS for 4 additional days with gastric gavage of B.P. or B.S. and injection of SB225002 (SB, 0.3 mg/kg ip) once per day. B.P.-facilitated recovery of mice from colitis was impaired in mice injected with SB as indicated by reduced body weight of B.P. plus SB-treated mice compared with B.P. alone-treated mice (Fig. 5D) . The overall vessel density and total vessel length in the tissues from B.P. plus SB-treated mice were reduced compared with B.P. alonetreated mice as shown by CD31 staining (Fig. 5, A, B , E, and 
F).
These results imply that B.P.-induced angiogenesis is through the activation of CXCR2. In B.S.-treated or nontreated control mice, SB treatment did not significantly alter body weight (Fig. 5D) , although the mice showed slightly increased diarrhea and bleeding (data not shown). The total vessel length was slightly reduced in B.S. plus SB-or SB alone-treated mice compared with B.S. alone-treated or nontreated mice, respectively (Fig. 5, E and F) . Taken together, these results suggest Fig. 5 . B.P. increases angiogenesis during wound healing. Mice were supplied with 4% DSS in drinking water for 7 days followed by 1% DSS for 4 days. One group of mice was supplied with B.P. and the other group of mice was supplied with B.S. via oral gavage. Tissues were collected and embedded for frozen sections. A: immunohistochemistry for CD31 was performed in both B.P.-treated and B.S.-treated groups by using sections. Tissues from the mice with B.P. treatment showed increased CD31 staining compared with B.S.-treated mice, suggesting increased angiogenesis. Rat IgG2a control was used instead of antibody as a negative control. Bar, 50 m. B: total vessel length was measured by use of the Image J program. The B.P.-treated group showed increased total vessel length compared with B.S.-treated mice. Data are shown as means Ϯ SD; n ϭ 5 per group; *P Ͻ 0.01 vs. DSSϩB.S. C: the result of ELISA for KC indicated that mice fed with B.P. showed increased KC production compared with B.S.-treated mice. n ϭ 12; *P Ͻ 0.01 vs. DSSϩB.S. D: mice treated with B.P. plus SB showed increased body weight compared with B.P. alone-treated mice. Data are shown as means Ϯ SD; n ϭ 4 -7 per group; *P Ͻ 0.01 vs. DSSϩB.P. E: total vessel length was measured with the Image J program. B.P. plus SB-treated group showed reduced total vessel length compared with B.P. alone-treated mice. Data are shown as means Ϯ SD; n ϭ 3-5 per group; *P Ͻ 0.001 vs. DSSϩB.P. F: immunohistochemistry for CD31 was performed. Tissues from the mice with B.P. plus SB treatment showed reduced CD31 staining compared with B.P. alone-treated mice (A). Rat IgG2a control was used instead of the CD31 antibody as a negative control. Bar, 50 m. Fig. 4 . B.P. facilitates mucosal wound healing. Mice were supplied with 4% dextran sulfate sodium (DSS) in drinking water for 7 days followed by 1% DSS for 4 days. One group of mice was supplied with B.P. and the other group of mice was supplied with B.S. via oral gavage. A: tissues were collected, fixed, and stained for hematoxylin and eosin. Tissues from the mice fed with B.P. showed facilitated wound healing. Bar, 100 m; n ϭ 16 per group. that B.P. facilitates wound healing by a mechanism involving increased angiogenesis through IL-8.
DISCUSSION
In this study we report two major findings. First, the observation that the probiotic bacterium B.P. regulates angiogenesis of intestinal microvascular endothelial cells. Second, that B.P. modulates endothelial IL-8 production by a NF-B-dependent pathway. These findings suggest a previously unappreciated role of the probiotic B.P. in angiogenesis of intestinal endothelial cells, which is essential for wound healing process. Angiogenesis in both inflammation and wound healing. Angiogenesis is an intrinsic component to chronic inflammatory process by promoting recruitment of inflammatory cells, producing cytokines, matrix-degrading enzymes, chemokines, and supplying nutrients (27, 32, 45) . Very recently, pathological angiogenesis has been implicated in IBD including CD and UC (14) . A notable feature in IBD tissues is the presence of aberrant vasculature and increased vessel density in the inflamed mucosa (58, 61) . Additionally, IBD vessels showed impaired NO-dependent vasodilation, suggesting their contribution to reduced perfusion, poor wound healing, and persistent inflammation (26) . Mucosal extracts from IBD patients induced migration of HIMECs in an IL-8-dependent manner and increased angiogenic responses in a cornea pocket assay and a chorioallantoic membrane assay (12) . Moreover, clinical studies have shown elevated local concentrations of vascular endothelial growth factor (23) and increases in serum levels of basic fibroblast growth factor (b-FGF) and transforming growth factor (TGF)-␤ in patients with active UC or CD, suggesting increased angiogenic responses (8, 33, 38) . In IL-10-deficient colitis model, an antiangiogenic compound decreased angiogenesis and alleviated clinical severity and histological inflammation (13) . Therefore, increased angiogenesis is attributed to worsening experimental IBD and angiogenesis blockade (i.e., decreased angiogenesis) appears to be beneficial to treat IBD.
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In this report, however, we show that angiogenesis is beneficial to heal experimental IBD by focusing on the role of angiogenesis in wound healing (instead of inflammation). Angiogenesis is indispensable for all the processes of wound healing that require cellular events to facilitate regeneration and recovery of damaged tissues (45) . These responses consist of inflammation, angiogenesis, epithelialization, and collagen remodeling (36) . Among them, angiogenesis is important because oxygen supply is a prerequisite for epithelial cells and fibroblasts to act on the repair process (7). In a low-oxygen environment like the wound area, macrophages and platelets produce angiogenic factors that attract endothelial cells to form new capillaries (7) . Studies indicate that disrupted angiogenesis results in impaired wound healing. For instance, eNOSdeficient mice exerted impaired wound healing due to reduced angiogenesis (42) . Moreover, angiopoietin-1 promoted wound healing in diabetic mice by increasing angiogenesis (11) . Our findings also suggest that the probiotic bacterium when applied at the healing phase of experimental IBD increased angiogenesis and thus enhanced wound healing and facilitated recovery of mice from colitis. Taken together, angiogenesis is essential for both inflammation and wound healing, and therefore it is important to apply pro-or antiangiogenic reagents in a timely manner. Additionally, in terms of the therapeutic application, proangiogenic therapy should be applied when there is a requirement for wound healing. In contrast, antiangiogenic therapy should be applied when there is active inflammation.
IL-8 and CXCR-2 in inflammation, wound healing, and angiogenesis. The role of IL-8 and its receptors, CXCR1 and CXCR2, in IBD has been demonstrated in several studies. In chronic DSS-induced experimental colitis, CXCR2
Ϫ/Ϫ mice showed limited signs of tissue damages and reduced colitic symptoms (9) . Additionally, neutralizing CXCR2 using anti-CXCR2 serum relieved clinical symptoms in an acute DSS colitis model and blocking CXCR2 with its selective antagonist SB225002 ameliorated acute 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis (4, 15) . However, contrasting roles for CXCR2 in experimental colitis were also reported. Blocking CXCR2 by its neutralizing antibody reduced leukocyte influx during the early phase of TNBS-induced acute colitis but failed to reduce leukocyte accumulation during the late phase of colitis (2) . Similarly, CXCR2 exerted contrasting effects on the recruitment of inflammatory cells during the early and late phase of fungus-induced allergic inflammation (56) . Furthermore, a recent study showed that mice deficient with the CXCR2 ligand KC showed increased susceptibility to DSS-induce colitis, suggesting a protective role of KC in colitis (57) . These studies suggest that IL-8 and CXCR2 can play contrasting roles in IBD.
Our study extends a role of IL-8 and CXCR2 in the wound healing from colitis by increasing angiogenesis. Previous studies demonstrated that CXC chemokines, which contain a GluLeu-Arg (ELR) motif adjacent to their first cysteine amino acid in the NH 2 terminus, are potent angiogenic promoters (3). Moreover, as described above, angiogenesis is a critical component of wound healing, and therefore it is logical that IL-8-induced angiogenesis could facilitate wound healing. In an incisional skin wound-healing model, IL-8 was strongly expressed and its expression was correlated with an increased number of vessels (18) . Another study showed the chicken CXC chemokine 9E3/CEF4, highly homologous to human IL-8, was highly upregulated within wounded areas with neovascularization (46) . The present study also demonstrates that increased IL-8 production by B.P. can facilitate wound healing and increase angiogenesis in DSS-injured intestinal mucosal layers. Thus the data from other groups, coupled with our own, clearly indicate that the characteristics of IL-8 as an angiogenic promoter seem to constitute its protective role in mucosal healing.
What is the mechanism by which B.P. induces angiogenesis? There is only a handful of reports suggesting that probiotics induce angiogenesis. A probiotic strain Lactobacillus rhamnosus GG increased the expression of proangiogenic VEGF and therefore enhanced wound healing from gastric ulcers in rats (39) . Additionally, supernatants from cultures of two strains of Lactobacillus acidophilus induced proliferation of blood vessels when injected into rodent ears subcutaneously (25) . However, the molecular mechanism by which probiotics modulate angiogenesis has not yet been studied.
Microbial products often trigger activation of NF-B and its dependent signaling cascades including cytokine productions. Those products involve lipopolysaccharide, flagellin, double stranded RNA among others and activate Toll-like receptors (TLRs). Our recent data indicate that B.P. exerts its activity at least in part through TLR2 and TLR4, suggesting a possibility that B.P. produces microbial products that are able to activate TLRs (unpublished data). Furthermore, activation of NF-B often leads to production of cytokines including IL-8, an inducer of inflammation and angiogenesis. Intestinal endothelial cells express most of TLRs and IL-8 receptors (CXCR1 and 2). Therefore, it is possible that functional molecule(s), possibly TLR ligands, produced from B.P. activate endothelial TLRs and its downstream NF-B. Sequentially, activated NF-B increases transcription of IL-8, which in turn enhances angiogenesis of endothelial cells via its receptor as an autocrine loop.
In summary, our study shows that B.P. increases angiogenesis in HIMECs in vitro and mucosal tissues in vivo. B.P. exerts its angiogenic effect through activation of NF-B/IL-8/ CXCR2 pathway. Future studies will evaluate the therapeutic effect of B.P. for revascularization in intestinal wound healing after chronic inflammation.
